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Pd  nanoparticles  supported  on  the  WO3/C  hybrid  are  prepared  by  a  two-step  procedure  and  the  catalysts 
are  studied  for  the  electrooxidation  of  formic  acid.  For  the  purpose  of  comparison,  phosphotungstic  acid 
(PWA)  and  sodium  tungstate  are  used  as  the  precursor  of  W03.  Both  the  Pd-W03/C  catalysts  have  much 
higher  catalytic  activity  for  the  electrooxidation  of  formic  acid  than  the  Pd/C  catalyst.  The  Pd-W03/C 
catalyst  prepared  from  PWA  shows  the  best  catalytic  activity  and  stability  for  formic  acid  oxidation;  it 
also  shows  the  maximum  power  density  of  approximately  7.6  mW  cm-2  when  tested  with  a  small  sin¬ 
gle  passive  fuel  cell.  The  increase  of  electrocatalytic  activity  and  stability  is  ascribed  to  the  interaction 
between  the  Pd  and  WO3,  which  promotes  the  oxidation  of  formic  acid  in  the  direct  pathway.  The  pre¬ 
cursors  used  for  the  preparation  of  the  W03/C  hybrid  support  have  a  great  effect  on  the  performance  of 
the  Pd-W03/C  catalyst.  The  WO3/C  hybrid  support  prepared  from  PWA  is  beneficial  to  the  dispersion  of 
Pd  nanoparticles,  and  the  catalyst  has  potential  application  for  direct  formic  acid  fuel  cell. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  direct  formic  acid  fuel  cell  (DFAFC)  has  received  consider¬ 
able  attention  due  to  its  several  advantages,  such  as  low  toxicity, 
limited  fuel  crossover  and  high  practical  power  density  [1-4]. 
Therefore,  the  research  on  the  catalysts  for  formic  acid  oxidation 
is  crucial  for  the  development  of  DFAFCs.  In  recent  years,  the  Pd- 
based  catalysts  have  shown  high  activity  for  the  electrooxidation 
of  formic  acid  by  overcoming  the  CO  poisoning  effect  [5-9].  Masel 
et  al.  [9,10]  reported  that  Pd  and  Pd/C  catalysts  can  overcome  the  CO 
poisoning  and  produce  high  catalytic  performances  in  the  DFAFCs. 
Ha  et  al.  [11-13]  investigated  the  Pd/C  catalyst  as  an  anodic  cat¬ 
alyst  for  the  DFAFC  and  indicated  that  Pd  catalysts  possess  good 
electrocatalytic  activity.  The  addition  of  some  metals  or  modifiers 
such  as  Co  [7],  Ir  [14],  Pb  [15],  Ti02  [6]  and  P  [16]  to  Pd/C  cata¬ 
lyst  has  improved  the  catalytic  activity  and  stability.  However,  the 
activity  and  stability  of  the  Pd-based  catalysts  still  need  further 
improvements  to  meet  the  demand  of  the  DFAFCs. 

Tungsten  trioxide  (W03 )  is  an  important  oxide  which  has  special 
electrochemical  properties  for  use  as  an  electrocatalyst  material.  It 
has  been  reported  that  Pt  and  PtRu  catalysts  supported  on  W03 
had  significantly  high  activity  for  the  electrooxidation  of  methanol 
[17-21]  and  formic  acid  [22,23].  The  results  showed  that  W03  had 
a  good  assistant  electrocatalytic  effect  with  noble  metals.  It  has 
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been  elucidated  that  WO3  can  form  a  hydrogen  bronze  (HxW03) 
which  effectively  facilitates  the  dehydrogenation  of  small  organic 
molecules.  To  our  knowledge,  there  are  few  reports  on  the  W03/C 
hybrid  used  as  a  catalyst  support  for  the  electrooxidation  of  formic 
acid.  We  have  reported  that  the  W03/C  hybrid  is  a  highly  active 
catalyst  support  for  formic  acid  oxidation  [23],  which  has  potential 
application  for  DFAFCs.  However,  both  the  existent  state  and  the 
preparation  method  of  W03  would  affect  the  final  properties  of  the 
catalyst.  According  to  the  reports  [24-26],  the  PWA  was  strongly 
adsorbed  onto  various  active  carbons  and  the  adsorbed  PWA  was 
not  desorbed  when  washed  with  hot  water  or  hot  methanol. 
This  phenomenon  gives  us  some  inspirations.  First,  the  interaction 
between  the  PWA  and  carbon  is  strong,  and  the  PWA  can  be  uni¬ 
formly  adsorbed  onto  the  carbon  surface.  Second,  the  excess  PWA 
could  be  washed  off,  but  the  PWA  strongly  adsorbed  on  the  carbon 
surface  is  still  on  the  carbon  surface.  Therefore,  the  well-dispersed 
WO3/C  support  could  be  obtained  by  the  thermal  decomposition 
of  the  adsorbed  PWA  on  the  carbon  surface,  and  if  used  as  a  sup¬ 
port,  the  WO3/C  hybrid  support  would  create  a  strong  interaction 
between  the  W03  and  metal  particles. 

The  objective  of  this  work  is  to  synthesize  W03/C  hybrid  as  a 
support  for  Pd  nanoparticles  with  a  novel  method  and  to  study  the 
catalytic  performances  of  the  catalyst  for  the  electrooxidation  of 
formic  acid.  Therefore,  in  this  study,  the  WO3  /C  hybrid  material  was 
prepared  by  the  thermal  decomposition  of  the  adsorbed  PWA  on 
carbon,  and  the  corresponding  Pd-W03/C  catalyst  (Pd-W03/C-A) 
was  prepared  by  the  impregnation  reduction  method.  For  com¬ 
parison,  the  Pd-W03/C-B  catalyst  was  synthesized  according  to 
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the  previous  work  [23],  and  the  Pd/C  catalyst  was  also  prepared 
with  the  same  method.  The  catalysts  were  characterized  by  the 
X-ray  diffraction,  transmission  electron  microscope  and  energy  dis¬ 
persive  X-ray  analysis.  The  electrochemical  performances  of  the 
catalysts  for  the  electrooxidation  of  formic  acid  were  studied  and 
the  catalysts  were  also  tested  as  anodic  catalyst  with  a  single  pas¬ 
sive  DFAFC  in  order  to  further  evaluate  the  catalytic  activity. 

2.  Experimental 

2.1.  Catalyst  preparation 

In  the  first  step,  the  WO 3/C  hybrid  material  was  prepared.  A 
given  amount  of  Vulcan  XC-72R  carbon  was  added  to  an  aqueous 
solution  of  lOmgmL-1  of  PWA  and  maintained  at  room  temper¬ 
ature  (20  °C)  for  48  h  under  vigorous  agitation.  Subsequently,  the 
suspension  was  filtered  and  the  solid  was  transferred  to  a  tubular 
oven  at  550  °C  for  the  heat  treatment  of  6  h  to  obtain  a  stable  W03/C 
support  under  the  protection  of  nitrogen. 

In  the  second  step,  the  Pd-W03/C-A  catalyst  was  synthesized. 
First,  a  given  amount  of  the  above  WO3/C  hybrid  material  was 
ultrasonically  dispersed  in  50  mL  of  deionized  water  and  second, 
an  appropriate  amount  of  H2PdCl4  solution  was  added  to  the  sus¬ 
pension  under  agitation.  After  thoroughly  mixing,  the  pH  value  of 
the  suspension  was  adjusted  to  ca.  7  with  a  5%  NaOH  solution. 
It  was  stirred  for  half  an  hour  before  an  excess  of  freshly  pre¬ 
pared  NaBH4  solution  was  added  dropwise  into  the  above  mixture 
in  the  PH  range  7-9.  Subsequently,  an  additional  4h  of  stirring 


was  performed  to  complete  the  reaction.  Finally,  the  suspension 
was  filtered,  washed  and  dried  overnight  at  80  °C  in  a  vacuum 
oven. 

The  Pd-W03/C-B  catalyst  (W03  content  20wt%,  the  best  one) 
was  synthesized  using  sodium  tungstate  as  the  precursor  of  W03 
[23].  The  Pd/C  catalyst  was  also  prepared  with  the  above  method. 
The  nominal  content  of  Pd  in  the  catalysts  was  20  wt%.  All  solutions 
were  prepared  using  Millipore-Milli  Q  water  and  analytical-grade 
reagents. 

2.2.  Catalyst  characterization 

The  X-ray  diffraction  (XRD)  patterns  were  obtained  using 
a  Rigaku-D/MAX-PC  2500  X-ray  diffractometer  with  Cu  Ka 
( A  =  1 .5405  A)  as  a  radiation  source  operating  at  40  kV  and  200  mA. 
The  composition  of  the  catalysts  was  measured  by  energy  disper¬ 
sive  X-ray  analysis  (EDX)  with  a  JEOL  JAX-840  scanning  electron 
microscope  operating  at  20  kV.  The  transmission  electron  micro¬ 
scope  (TEM)  images  were  obtained  by  using  aJEOL  2010  microscope 
operating  at  200  kV  with  nominal  resolution.  The  catalyst  samples 
were  prepared  by  dispersing  the  catalyst/ethanol  suspension  onto 
a  3  mm  diameter  copper  grid  covered  with  carbon  film  and  then 
evaporating  the  solvent  in  air. 

2.3.  Electrochemical  measurements 

Electrochemical  measurements  were  performed  with  an  EG&G 
Par  potentiostat/galvanostat  (Model  273 A,  Princeton  Applied 
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Fig.  1.  XRD  patterns  of  the  Pd/C  (a),  Pd-W03/C-A  (b)  and  Pd-W03/C-B  (c)  catalyst  (A).  EDX  spectrum  of  the  Pd-W03/C-A  catalyst  (B),  Pd-W03/C-B  catalyst  (C)  and  Pd/C 
catalyst  (D). 


L.  Feng  et  al.  /  Journal  of  Power  Sources  196  (201 1 )  2469-2474 


2471 


Research  Co.  USA)  and  a  conventional  three-compartment  elec¬ 
trochemical  cell.  A  Pt  plate  and  an  Ag/AgCl  electrode  were  used 
as  the  counter  electrode  and  reference  electrode,  respectively.  All 
potentials  were  quoted  against  the  Ag/AgCl  electrode.  The  work¬ 
ing  electrode  was  prepared  as  follows.  First,  5  mg  of  the  catalyst 
was  dispersed  ultrasonically  in  1  mL  of  the  alcohol  solution  con¬ 
taining  50  [xL  Nation  solution  (5wt%,  Aldrich  Co.  USA).  Second, 
10  pX  of  the  above  solution  was  pipetted  and  spread  on  a  mirror- 
finished  glassy  carbon  electrode  with  3  mm  diameter.  At  last,  it  was 
dried  at  room  temperature  for  30  min.  The  glassy  carbon  electrode 
was  polished  with  alumina  slurry  of  0.5  and  0.03  p,m  successively 
before  use.  The  apparent  surface  area  of  the  glassy  carbon  electrode 
was  0.07  cm2. 

All  electrochemical  measurements  were  carried  out  in  a  0.5  M 
H2S04  solution  with  or  without  0.5  M  HCOOH  deaerated  by  pure 
nitrogen  for  15  min  prior  to  any  measurements.  For  the  elec¬ 
trooxidation  of  formic  acid,  the  potential  range  was  from  -0.2 
to  +0.8  V.  The  COad  stripping  voltammograms  were  measured  in 
a  0.5  M  FI2SO4  solution.  CO  was  purged  into  the  0.5  M  H2S04 
solution  for  15  min  to  allow  the  complete  adsorption  of  CO  onto 
the  catalyst  when  the  working  electrode  was  kept  at  OmV  vs. 
Ag/AgCl  electrode,  and  excess  CO  in  the  electrolyte  was  purged 
out  with  N2  for  15  min.  The  amount  of  COad  was  evaluated  by 
integration  of  the  COad  stripping  peak.  All  the  measurements 
were  carried  out  at  room  temperature  and  the  stable  results  were 
reported. 


In  order  to  further  evaluate  the  properties  of  the  catalyst,  the  cat¬ 
alyst  was  tested  as  anodic  catalyst  with  a  small  home-made  single 
passive  DFAFC  [3,27].  Pt  black  (Johnson  Matthey)  and  the  home¬ 
made  catalysts  both  with  4  mg  cm-2  were  used  as  the  cathodic 
and  anodic  catalysts,  respectively.  The  membrane  electrode  assem¬ 
ble  (MEA),  active  area  of  4  cm2,  was  fabricated  by  hot  pressing 
the  anodic  and  cathodic  electrode  onto  two  sides  of  the  Nation 
117  membrane  at  130  °C  and  3.5  MPa  for  3  min.  The  performance 
of  the  cell  was  measured  with  a  Fuel  Cell  Test  System  (Arbin 
Instruments  Co.)  at  ambient  conditions  with  3.0  M  formic  acid 
solution. 

3.  Results  and  discussion 

Fig.  1A  shows  XRD  patterns  of  the  Pd-W03/C-A,  Pd-W03/C-B 
and  Pd/C  catalysts.  The  diffraction  peaks  at  ca.  39,  46,  68  and  81° 
observed  in  the  three  catalysts  corresponded  to  the  face-centered 
cubic  phase  (fee)  of  Pd,  while  other  peaks  at  ca.  22,  24,  34,  50,  53, 
55  and  61°  observed  in  the  Pd-W03/C-A  (curve  b)  and  Pd-W03/C- 
B  (curve  c)  catalyst  corresponded  to  the  monoclinic  phase  of  W03 
[28,29].  The  diffraction  peak  at  ca.  25°  observed  in  the  Pd/C  catalyst 
(curve  a)  corresponded  to  the  (0  02)  plane  reflection  of  Vulcan  XC- 
72  carbon,  while  the  diffraction  peaks  at  ca.  25°  in  the  Pd-W03/C-A 
(curve  b)  and  Pd-W03/C-B  (curve  c)  catalysts  were  assigned  to  the 
mixture  of  the  (0  0  2)  reflection  of  Vulcan  XC-72  carbon  and  (0  2  0) 
reflection  of  W03.  A  separated  fee  phase  of  Pd  and  a  monoclinic 


Fig.  2.  TEM  images  of  PCI-WO3/C-A  (A),  Pd-W03/C-B  (B),  Pd/C  (C)  catalyst  and  the  size  distribution  histogram  of  the  Pd-W03/C-A  catalyst. 
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E/V  vs.  Ag/AgCl 


Fig.  3.  Cyclic  voltammograms  of  the  Pd-W03/C-A,  Pd-WOs/C-B,  Pd/C  catalyst  and 
W03/C  support  in  a  0.5  M  H2S04  solution  at  a  scan  rate  of  50mVs-1. 


phase  of  W03  can  be  observed  from  the  characteristic  peaks  of  Pd 
and  W03  in  the  Pd-W03/C  catalysts.  Compared  to  Pd/C  (a)  and 
Pd-W03/C-B(c)  catalysts,  the  characteristic  peaks  of  Pd-W03/C-A 
(b)  shifted  remarkably  towards  the  higher  direction  of  20  values, 
indicating  the  formation  of  an  alloy  phase  in  the  Pd-W03/C-A  cat¬ 
alyst.  The  EDX  spectrum  of  the  Pd-WOs/C-A,  Pd-W03/C-B  and  Pd/C 
catalyst  is  shown  in  Fig.  IB,  C  and  D,  respectively.  The  weight  per¬ 
centages  of  Pd  and  W03  in  the  Pd-W03/C-A  catalyst  were  21.17% 
and  8.05%,  respectively.  The  weight  percentages  of  Pd  and  WO3 
in  the  Pd-W03/C-B  catalyst  were  20.96%  and  18.75%,  respectively. 
The  weight  percentage  of  Pd  in  the  Pd/C  catalyst  was  20.67%.  Other 
trace  elements  like  Cl  and  P  were  not  found. 

Fig.  2  shows  theTEM  images  of  the  Pd-WOs/C-A(A),  Pd-W03/C- 
B  (B)  and  Pd/C  (C)  catalysts.  The  Pd  nanoparticle  sizes  in  the  Pd/C 
(C)  catalyst  were  primarily  distributed  within  the  range  of  3-5  nm, 
but  some  of  the  Pd  nanoparticles  were  severely  aggregated.  The  Pd 
nanoparticles  on  the  W03/C  hybrid  support  for  the  Pd-W03/C-A 
and  Pd-W03/C-B  catalysts  had  a  remarkably  uniform  and  rather 
narrow  size  distribution.  The  distribution  of  the  metal  particles  in 
the  Pd-W03/C-A  catalyst  was  obtained  by  measuring  300  particles 
randomly  and  the  corresponding  histogram  of  the  size  distribution 
is  shown  in  Fig.  2D,  indicating  that  the  average  particle  size  of  Pd 
was  approximately  3  nm.  The  average  particle  size  of  the  Pd  for  the 
Pd-W03/C-B  catalyst  was  approximately  3.5  nm. 

Fig.  3  shows  the  cyclic  voltammograms  (CVs)  of  the  Pd-W03/C- 
A,  Pd-W03/C-B,  Pd/C  catalysts  and  the  WO3/C  support  in  0.5  M 
FI2SO4  solution.  Compared  to  the  three  Pd  catalysts,  the  oxidation 
current  of  the  W03/C  support  was  negligible.  According  to  the  area 
of  the  hydrogen  adsorption/desorption  peaks  of  the  three  catalysts, 
both  the  Pd-W03/C-A  and  Pd-W03/C-B  catalysts  had  a  larger  peak 
area  than  the  Pd/C  catalyst,  which  indicated  that  they  possessed  a 
larger  electrochemical  surface  area  (ESA).  Furthermore,  the  poten¬ 
tial  values  of  the  hydrogen  desorption  peaks  for  the  Pd-W03/C-A 
and  Pd-W03/C-B  catalysts  were  close  to  each  other.  Compared  to 
the  Pd/C  catalyst,  the  peak  potentials  of  both  Pd-W03/C  catalysts 
shifted  towards  a  negative  direction,  indicating  that  the  adsorption 
strength  of  hydrogen  on  the  Pd  surface  was  weakened,  which  can 
be  attributed  to  the  hydrogen  spillover  effect  of  WO3  [23,30].  Here, 
the  COad  stripping  method  was  used  to  evaluate  the  EAS  quantita¬ 
tively.  Fig.  4  shows  the  COad  stripping  voltammograms  for  the  three 
catalysts  in  a  0.5  M  H2S04  solution.  There  was  a  well-defined  strip¬ 
ping  peak  of  COad  at  the  potential  of  approximately  0.71  V  for  both 
Pd-W03/C  catalysts  and  0.75  V  for  the  Pd/C  catalyst,  respectively. 
Compared  to  the  Pd/C  catalyst,  the  onset  and  the  peak  potentials 


Fig.  4.  COad  stripping  voltammograms  of  the  PCI-WO3/C-A,  Pd-W03/C-B  and  Pd/C 
catalyst  in  a  0.5  M  H2S04  solution  at  a  scan  rate  of  20  mV  s-1 . 


for  COad  oxidation  on  both  Pd-W03/C  catalysts  were  shifted  nega¬ 
tively,  which  was  an  indication  that  the  addition  of  WO3  was  helpful 
in  weakening  the  CO  adsorptive  bond  on  the  Pd  active  sites.  It  was 
evident  that  the  stripping  peak  area  at  the  Pd-W03/C-A  catalyst 
was  much  larger  than  that  of  the  Pd-W03/C-B  and  the  Pd/C  cat¬ 
alyst,  indicating  that  there  were  much  more  active  surface  sites 
on  the  Pd-W03/C-A  catalyst.  Furthermore,  the  ESA  for  the  catalyst 
was  calculated  by  using  the  COad  oxidation  charge  after  subtract¬ 
ing  the  background  current.  It  was  21.1,  13.1,  and  9.4m2 g-1  for 
the  Pd-W03/C-A,  Pd-W03/C-B,  and  Pd/C  catalysts,  respectively. 
The  ESA  of  the  catalyst  was  ordered  as  Pd-W03/C-A>Pd-W03/C- 
B  >  Pd/C  catalyst.  This  result  was  consistent  with  those  obtained  by 
the  hydrogen  stripping  method  and  the  physical  characterization. 
Specifically  for  the  Pd-W03/C-A  catalyst,  the  ESA  was  enhanced  by 
a  factor  of  2.2  as  compared  to  Pd/C  catalyst,  which  meant  that  the 
addition  of  W03  had  a  promotion  effect  on  the  stripping  removal 
of  the  CO  molecules  adsorbed  on  the  Pd  surface. 

Fig.  5  displays  the  CVs  for  the  electrooxidation  of  formic  acid  in  a 
0.5  M  H2S04  solution  containing  0.5  M  formic  acid  on  the  three  cat¬ 
alysts  and  the  W03  /C  support  with  a  sweep  rate  of  20  mV  s-1 .  It  was 
evident  that  the  W03/C  support  had  almost  no  catalytic  activity  for 


E/V  vs.  Ag/AgCl 

Fig.  5.  Cyclic  voltammograms  for  the  electrooxidation  of  formic  acid  in  a  0.5  M 
H2S04  solution  containing  0.5  M  formic  acid  for  the  Pd-W03  /C-A,  Pd-W03 /C-B,  Pd/C 
catalyst  and  W03  /C  support  at  a  scan  rate  of  20  mV  s-1 . 
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Fig.  6.  Chronoamperometric  curves  for  the  Pd-W03/C-A,  Pd-W03/C-B  and  Pd/C 
catalyst  at  0.2  V  in  a  0.5  M  H2SO4  solution  containing  0.5  M  formic  acid. 

formic  acid  oxidation.  According  to  the  oxidation  current,  the  elec¬ 
trooxidation  activity  of  the  catalysts  for  formic  acid  was  ordered 
as  Pd-W03/C-A  >  Pd-W03/C-B  >  Pd/C  catalyst.  The  peak  current  of 
Pd-W03/C-A  catalyst  was  1.9  times  as  large  as  that  of  the  Pd/C 
catalyst  and  1.4  times  as  large  as  that  of  Pd-W03/C-B  catalyst. 
The  order  of  the  electrooxidation  activity  was  consistent  with  the 
order  of  ESA.  The  potential  of  the  main  peak  for  the  electrooxida¬ 
tion  of  formic  acid  at  both  the  Pd-W03/C  catalysts  was  negatively 
shifted  approximately  30  mV  in  the  positive  scan  direction,  which 
indicated  a  promotion  effect  of  W03  in  the  Pd-W03/C  catalysts. 

Fig.  6  shows  the  chronoamperometric  curves  of  the  three  cata¬ 
lysts  at  0.2  V  in  a  0.5  M  H2S04  solution  containing  0.5  M  formic  acid. 
The  currents  at  the  Pd-W03/C-A,  Pd-W03/C-B  and  Pd/C  catalysts 
at  3600  s  were  13.5, 7.6  and  1 .4  mA cm-2,  respectively.  The  stability 
of  the  catalysts  was  ordered  as  Pd-W03/C-A>Pd-W03/C-B>Pd/C 
catalyst,  which  was  also  consistent  with  the  above  results.  There¬ 
fore,  the  results  further  demonstrated  that  the  addition  of  W03 
can  greatly  improve  the  activity  and  stability  of  the  catalyst  for  the 
electrooxidation  of  formic  acid. 

The  polarization  and  power  density  curves  of  a  single  passive 
DFAFC  with  the  three  catalysts  as  anode  are  shown  in  Fig.  7.  It 
was  evident  that  the  Pd-W03/C-A  catalyst  had  the  best  perfor¬ 
mance.  The  maximum  power  density  was  approximately  7.6,  6.0 
and  4.2  mWcm"2  for  Pd-W03/C-A,  Pd-W03/C-B  and  Pd/C  catalyst, 


Fig.  7.  Polarization  and  power  density  curves  of  a  single  passive  DFAFC  with 
Pd-W03/C-A,  Pd-W03/C-B  and  Pd/C  catalyst  as  anodic  catalyst. 


respectively.  This  was  a  preliminary  result  and  the  performance 
was  not  high  for  DFAFC  which  may  be  due  to  the  low  catalyst  load¬ 
ing  and  not  optimized  MEA  preparation  method.  However,  it  was 
evident  that  this  result  confirmed  the  advantage  of  adding  W03  into 
Pd  catalysts  for  formic  acid  oxidation.  According  to  this  result,  the 
activity  of  Pd-W03/C-A  catalyst  had  increased  by  approximately 
20%  and  45%  as  compared  to  the  Pd-W03/C-B  and  Pd/C  catalyst. 

It  has  been  accepted  that  the  electrooxidation  of  formic  acid  on 
the  Pd/C  catalyst  is  primarily  through  the  direct  dehydrogenation 
way  [5-9].  Therefore,  a  large  quantity  of  hydrogen  could  adsorb 
onto  the  surface  of  Pd  during  the  electrooxidation  of  formic  acid, 
and  the  adsorbed  hydrogen  could  occupy  many  Pd  active  sites 
which  hindered  the  adsorption  of  formic  acid  molecules.  Because 
the  W03  could  form  bronzes,  the  adsorbed  hydrogen  on  Pd  sur¬ 
face  could  spill  over  onto  the  W03  surface  [17,20],  and  then  the  Pd 
active  sites  occupied  by  the  hydrogen  atoms  were  released  and 
could  absorb  the  formic  acid  molecules.  The  above  process  was 
repeated,  which  can  accelerate  the  electrooxidation  of  formic  acid. 
In  addition,  according  to  Yoshiike  and  Kondo  [31,32],  the  water 
molecules  were  not  only  physisorbed  but  also  chemisorbed  on  the 
surface  of  W03.  The  oxophilic  nature  of  W03  can  promote  the 
adsorption  and  transformation  of  the  intermediates.  Therefore,  the 
catalytic  process  on  the  surface  of  Pd  can  go  on,  thereby  favoring 
the  electrooxidation  of  formic  acid  by  the  direct  dehydrogenation 
pathway. 

The  performances  of  both  Pd-W03/C-A  and  Pd-W03/C-B  cat¬ 
alysts  were  much  better  than  those  of  Pd/C  catalyst.  However,  it 
was  interesting  that  the  Pd-W03/C-A  catalyst  with  low  content 
of  W03  had  much  better  catalytic  activity  and  stability  than  the 
Pd-W03/C-B  catalyst.  The  promotion  effect  should  come  from  the 
interaction  between  Pd  and  W03.  Therefore,  the  W03  only  inti¬ 
mately  contacted  with  the  Pd  nanoparticles  was  more  effective  in 
the  promotion  effect  on  the  electrooxidation  of  formic  acid.  Because 
of  the  poor  conductivity  of  W03,  the  high  W03  content  in  the  cat¬ 
alyst  would  cause  the  drop  of  the  support  conductivity,  thereby 
leading  to  the  low  catalytic  activity.  The  reason  may  be  attributed 
to  the  different  preparation  of  the  W03/C  support.  The  W03/C  sup¬ 
port  in  the  Pd-W03  / C-B  catalyst  was  obtained  using  Na2  W04  as  the 
precursor.  During  the  preparation  process,  sodium  tungstate  was 
transformed  to  the  colloid  tungstenic  acid  coated  on  the  carbon  sur¬ 
face,  but  the  coated  layer  was  not  uniform  and  some  colloid  was  not 
deposited  onto  the  carbon  surface.  Therefore,  the  prepared  WO 3/C 
dropped  the  catalyst  conductivity.  However,  the  W03/C  support 
in  the  Pd-W03/C-A  catalyst  was  prepared  from  the  PWA  which 
was  self-adsorbed  on  the  carbon  surface  by  the  strong  adsorptive 
action.  The  excess  PWA  and  the  PWA  without  strong  adsorption  on 
carbon  surface  were  washed  off.  Therefore,  the  prepared  W03  was 
well  dispersed  on  the  carbon  surface.  When  the  Pd  was  reduced, 
the  Pd  nanoparticles  formed  on  the  anchor  sites  of  W03  and  it  did 
not  largely  drop  the  catalyst  conductivity.  Therefore,  it  was  evident 
that  the  Pd-W03/C-A  catalyst  had  much  higher  catalytic  activity 
for  the  electrooxidation  of  formic  acid. 


4.  Conclusion 

This  study  demonstrated  that  Pd  nanoparticles  supported  on 
W03/C  hybrid  had  significantly  enhanced  the  electrocatalytic  per¬ 
formances  for  the  formic  acid  oxidation.  The  Pd  nanoparticles  in 
the  Pd-W03/C-A  catalyst  had  a  uniform  and  narrow  size  distribu¬ 
tion  from  TEM  characterization.  The  ESA  obtained  by  COad  stripping 
method  was  ordered  as  Pd-W03/C-A>Pd-W03/C-B  >Pd/C  cat¬ 
alyst.  The  CVs  measurements  showed  that  the  activity  of  the 
Pd-W03/C-A  catalyst  for  the  electrooxidation  of  formic  acid  was 
1.9  times  as  large  as  that  of  the  Pd/C  catalyst  and  1.4  times  as  large 
as  that  of  the  Pd-W03/C-B  catalyst.  The  catalytic  stability  was  also 
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ordered  as  Pd-W03/C-A>Pd-W03/C-B  >Pd/C  catalyst,  which  was 
consistent  with  the  order  of  the  ESA  and  the  catalytic  activity.  The 
maximum  power  density  increased  by  approximately  20%  and  45% 
as  compared  to  Pd-W03/C-B  and  Pd/C  catalysts.  The  results  also 
indicated  that  the  preparation  methods  of  W03/C  hybrid  support 
had  a  great  effect  on  the  performances  of  Pd-W03/C  catalyst.  The 
WO 3/C  hybrid  support  obtained  using  PWA  as  the  precursor  was 
beneficial  to  the  dispersion  of  Pd  nanoparticles  and  most  of  W03  in 
the  catalyst  could  intimately  contact  with  Pd  nanoparticles,  which 
caused  the  Pd-W03/C-A  catalyst  to  have  the  best  performance  for 
the  electrooxidation  of  formic  acid. 
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